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Abstract 
In our previous research, we ever proposed a solar-driven methanol decomposition system by using solar heat at 
temperature around 300°C for producing solar fuel to generate power. The system performance at solar radiation 
from 100~400W/m2 was poor, the daily average solar to electricity efficiency was only 14~16% due to varied solar 
radiation. Here, in contrast to the ‘individual’ methanol decomposition system, we proposed a ‘synergetic’ system 
which use the methanol steam reforming and methanol decomposition together to match the varied solar radiation. 
Exergy destruction of solar fuel combustion is disclosed. In addition, the inherent reason of reducing the exergy 
destruction was also disclosed by using the concept of the energy level. As a result, the daily average exergy 
destruction in the ‘synergetic’ system is 9% lower than the ‘individual’ system, the daily average solar to electricity 
efficiency reaches 19%, which is 3~5 percentage points higher, leading to the increase of average work output and 
providing the possibility of reducing the size of solar field. The results here would provide an approach to improve 
the poor performance of solar thermochemical power system at varied solar radiation conditions. 
 
© 2015 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ICAE 
 
 
 
 
 
Keywords: Synergy of methaol steam reforming and methanol decomposition; Middle-temperature solar thermochemical process; 
Off-design solar radiation;  
 
* Corresponding author. Tel.: +86 10 82543158; fax: +86 10 82543151. 
E-mail address: honghui@iet.cn  
Available online at www.sciencedirect.com
© 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Applied Energy Innovation Institute
932   Xiufeng Liu et al. /  Energy Procedia  75 ( 2015 )  931 – 936 
Nomenclature  
Asol,fuel Energy level of solar fuel 
Asol,th Energy level of solar thermal energy 
DNI Direct Normal Irradiance, W/m2 
S Size of solar field 
t Time 
T0 Temperature of environment 
Treceiver Temperature of solar receiver/reactor, K 
W Work output of solar fuel combustion, kW 
Wmethanol Work output of methanol combustion, kW 
∆EXL Combustion exergy destruction, kJ/mol 
∆G Gibbs free energy of chemical reaction, kJ/mol 
∆Hr Reaction heat of chemical reaction, kJ/mol 
∆H enthalpy change in solar fuel combustion process, kJ/mol 
ICE Internal-combustion engine 
ηsol-only Solar to electricity efficiency of solar only system 
ηsol-to-electric Solar to electricity efficiency of thermochemical system 
ηsol-to-fuel Solar to fuel efficiency of thermochemical system 
1. Introduction 
Solar thermochemical process is based on the use of concentrated solar energy for driving an 
endothermic chemical transformation. More recently, considerable attention has been attracted toward 
solar thermochemical processes[1,2]. So far, most of solar thermochemical processes focus on the 
utilization of solar heat at above 800°C under a fixed solar radiation, solar heat at 150-300°C has not been 
paid more attention. In our previous studies, we originally proposed a solar thermal power system which 
employs middle-temperature solar heat at around 150–300°C to drive methanol decomposition[3]. 
Mechanism of this system was revealed and experiments were conducted based on a 5 kW solar 
receiver/reactor[4-7]. Results indicated that the thermodynamic performance of this system is poor with a 
solar radiation below 400 W/m2. 
In this paper, we propose a ‘synergetic’ system for improving the poor performance of the 
‘individual’ system at off-design solar radiation conditions. The ‘synergetic’ system employs methanol 
steam reforming and methanol decomposition together to match varied solar radiation: solar-driven 
methanol steam reforming is used with solar radiation below 400 W/m2; solar-driven methanol 
decomposition is used with solar radiation over 400 W/m2. Exergy destruction of solar fuel combustion is 
analyzed and thermodynamic performance is disclosed. 
2. Configuration and performance of the ‘synergetic’ system 
2.1. The ‘individual’ system 
Fig.1 shows the configuration of the ‘individual’ system. It can be divided into two processes: the 
‘individual’ mid-temperature solar-driven methanol decomposition process and the solar fuel combustion 
process. In the ‘individual’ mid-temperature solar-driven methanol decomposition process, methanol at 4 
bar and 150°C (3) enters into the solar receiver/reactor, the solar-driven methanol decomposition reaction 
(CH3OHืCO+2H2; =90kJ/mol) takes place, yielding solar fuel containing CO and H2. In the 
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solar fuel combustion process, solar fuel (4) combust in the internal-combustion engine (ICE) with air for 
generating electricity (7). 
 
 
Fig.1 Schematic diagram of ‘individual’ system 
The simulation are carried out using the Aspen Plus code. The methanol flowrate is 156 mol/h. The 
solar fuel output and the solar to electricity efficiency are considered to evaluate the system performance. 
The solar fuel output is defined as the amount of solar fuel generated corresponding to per unit of solar 
energy; the solar to electricity efficiency is defined as:  
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Where W and Wmethanol are, respectively, representing the work output of the solar fuel combustion and 
methanol combustion in same ICE. 
At design solar radiation of 650W/m2, the solar fuel output is 2.5 mol/MJ and the solar to electricity 
efficiency is 24%; while at off-design solar radiation from 100~400 W/m2, the value of solar fuel output 
is only 0.8~2.3 mol/MJ and the solar to electricity efficiency is 8~20%. Both of the performance metrics 
are much lower than those at design solar radiation. 
2.2. Description of ‘synergetic’ system 
Compared to the ‘individual’ system, the ‘synergetic’ system employs two different solar-driven 
reactions. The synergy of methanol steam reforming and methanol decomposition can match better with 
varied solar radiation. Solar-driven methanol steam reforming (CH3OH+H2O ė CO2+3H2; 
=50kJ/mol) is used at solar radiation below 400 W/m2; solar-driven methanol decomposition 
(CH3OHืCO+2H2; =90kJ/mol) is at solar radiation over 400 W/m2.  
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Fig.2 Schematic diagram of ‘synergetic’ system 
Fig. 2 is the configuration of the ‘synergetic’ system. There are two modes in the ‘synergetic’ 
reactions processes. At solar radiation below 400 W/m2, mode 1 was adopted. Liquid methanol and water 
are mixed in the mole radio of 1:1. Solar-driven methanol steam reforming takes place in the solar 
receiver/reactor, yielding CO2 and solar fuel containing H2. In the separator, the CO2 and unreacted water 
are sent out; H2 and unreacted methanol (4'') enter into the ICE for generating electricity. At solar 
radiation over 400 W/m2, mode 2 was adopted and solar-driven methanol decomposition takes place in 
the solar receiver/reactor, yielding CO and H2.  
 
             
 (a) Solar fuel output (b) Solar to electricity efficiency 
Fig. 3. Comparison of thermal performances with different solar radiation 
Fig. 3 shows the variation of solar fuel output and solar to electricity efficiency of the ‘individual’ and 
‘synergetic’ system. At mode 1, the value of solar fuel output is 1.4~2.4 mol/MJ and the solar to 
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electricity efficiency is 11~23%, which is much higher than the ‘individual’ system. By the synergy of the 
two reactions, the system thermodynamic performance increased obviously. 
We choose March 10th, 2013 in Beijing, China as a typical day. Table 1 illustrates the daily 
performance of the ‘individual’ and ‘synergetic’ system. The daily average solar to electricity efficiency 
of ‘synergetic’ system reach 19%, which is about 3 percentage points higher than that of ‘individual’ 
system, offering a possibility of decreasing the size of solar field.  
Table 1. Daily performance of the ‘individual’ and ‘synergetic’ system 
     ‘individual’ system ‘synergetic’ system 
Solar field (m2) 10 10 
Daily absorb heat (kW) 21.92 22.61 
Daily average solar fuel output (mol/MJ) 6.64 7.26 
Daily solar power (kW) 6.19 7.34 
Daily average solar-to-electricity efficiency (%) 16 19 
3. Expression of solar to electricity efficiency based on the ‘energy level’ concept 
The mid-temperature solar thermochemical process is capable of improving low quality of mid-
temperature solar heat into high quality of solar fuel chemical energy[4]. The quality of energy can be 
expressed with energy level concept (A=∆E/∆H) which is proposed by Ishida[8], where ∆E is the exergy 
change and ∆H is the enthalpy change. The energy level of mid-temperature solar heat (Asol,th=1-
T0/Treceiver[1]) was upgraded from a low value of about 0.38 (corresponding 200°C) to the energy level of 
solar fuel (Asol,fuel) of about 1.05. In the mid-temperature solar thermochemical process, the energy level 
upgrade of solar heat (Asol,fuel - Asol,th) is closely related to the decrease of exergy destruction (∆EXL) in 
solar fuel combustion process. Because of the decrease of exergy destruction, the Gibbs free energy of 
solar fuel (∆G) can be cascade utilized, which directly contribute to the energy level upgrade of solar heat, 
and the energy level upgrade of solar heat can give rise to more electricity generation from solar energy. 
The relationship among solar to electricity efficiency, exergy destruction and the energy level upgrade of 
solar heat is illustrated in Eq. (2): 
, ,  [( ) )](sol to electric sol only sol to fuel sol fuel sol thA A EXL HK K K        ' '                                                            (2) 
where ηsol-only denotes the solar to electricity efficiency without energy level upgrade; ηsol-to-fuel denotes 
the conversion of solar heat to chemical energy of solar fuel. ∆H denotes the enthalpy change in solar fuel 
combustion process. As shown in Eq. (2), the solar to electricity efficiency is determined by exergy 
destruction (∆EXL) and the energy level upgrade of solar heat (Asol,fuel - Asol,th). Because of the decrease of 
∆EXL and increase of the energy level upgrade of solar heat (Asol,fuel - Asol,th), the solar to electricity 
efficiency of ‘synergetic’ system is higher than that of ‘individual’ system (shown in Fig. 3(b)). 
4. Conclusion 
A ‘synergetic’ system was proposed to improve the poor performance of the ‘individual’ system at 
off-design solar radiation conditions. The ‘synergetic’ system combines solar-driven methanol steam 
reforming reaction from 100~400 W/m2 and solar-driven methanol decomposition over 400 W/m2. The 
synergy of the two mid-temperature solar-driven reactions can match better with varied solar radiation. 
This ‘synergetic’ system will lead to the decrease of exergy destruction in solar fuel combustion process. 
Relationships among solar to electricity efficiency, exergy destruction and energy level upgrade of solar 
heat are disclosed. The daily average solar to electricity efficiency is 3~5 percentage points higher than 
that of ‘individual’ system, leading to a reduction of mirror size. The results here would provide an 
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approach which use different reactions to adapt to varied solar radiation for solar thermochemical power 
generation. 
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